PbS quantum dots (QDs) are a promising material for designing of modern solar energy
Introduction
During the past decade quantum dots (QDs) attracted much attention due to their unique properties [1] . The unprecedented width of the absorption spectra, high extinction coefficients and long-term stability of QDs have made them an integral part of modern solar energy conversion technologies, specifically solar cells [2] and photocatalysis [3] . One of the possibilities to enhance the efficiency of solar energy conversion is to increase the fraction of absorbed solar light, what can be achieved by using QDs with intense absorption in the infrared region (IR-QDs) in charge generation and separation active photovoltaic layer of solar cell. For this purpose, PbS QDs have been widely applied in recent years [4] . PhIO-2018 In this work we have developed a procedure for large scale (several grams of QDs per single run) synthesis of PbS QDs which have highly reproducible properties. The peculiarity of the synthesis of PbS QDs lies in the following: due to the extremely high reactivity of precursors typically used for the synthesis, formation of PbS nanocrystals occurs at a tremendous rate, what makes the control of the optical properties of the final product by stopping the reaction at the specific time moment almost impossible.
KnE Energy & Physics
In order to overcome this difficulty, we propose a one-pot two step synthesis method for PbS QDs. In the first stage, a monodisperse PbS QD ensemble is obtained by a conventional reaction, while in the second stage these small QDs are overgrown to a given size by slow and controllable addition of extra precursors.
Materials and methods

Materials
Lead oxide(<99.9%), oleic acid(OA,<98%), 1-octade (ODE,<98%), bis(trimethylsilyl) sulphide (BTMS, <99%) and toluene (98%), were purchased from Sigma-Aldrich, methyl acetate (99%) was purchased from Acros Organics, all chemicals were used as received without any purification.
QDs synthesis
The lead precursor solution in the form of lead (II) oleate is prepared by the following procedure. 3.2 mmol of PbO, 12.8 mmol of OA 32 ml of ODE are placed into the three- KnE Energy & Physics PhIO-2018 mixture was slowly heated to 100 ∘ C, and the second type of sulfur precursor was slowly added to the reaction mixture using a syringe pump under the continuous stirring. The growth of QDs was monitored by recording photoluminescence (PL) spectra (Avantes AvaSpec-NIR256-1.7) after specific amount of precursors were added, and was stopped by intense cooling with air flow when QDs the desired size. The obtained QDs were purified from unreacted precursors and solvents by double cycles of QDs precipitation and redissolution using methyl acetate and toluene as coagulant and solvent, respectively. After purification, QDs were stored as a concentrated solution in toluene.
Results and discussion
The main peculiarity of the growth process of PbS QDs is a high speed of the reaction, According to the method described above, a batch of PbS QDs was synthesized.
Photoluminescence spectra of PbS QDs at different stages of the synthesis are presented in Figure 1 . The PbS nuclei obtained after the first stage of synthesis have the maximum in the PL spectrum centered at 1282 nm. The other traces in Figure 1 demonstrate the evolution of PL spectra of PbS QDs during their growth on the second stage of the synthesis. Thus, the spectra having peaks at 1458 nm, 1548 nm, and 1597 nm correspond to addition of 1/3, 2/3 and the whole portion of the sulfur precursor, respectively. The results shown are highly reproducible, the error in position of the PL maximum did not exceed 50 nm at each stage in three syntheses conducted according to our procedure. The nonlinearity of the redshift of the position of the PL maximum is due to the fact its spectral position has direct correlation with the diameter of QD, which in turn is in cubic dependence on the amount of added precursor. This synthesis method is scalable and can be adapted for large-scale production. Thus, starting from a 3.2 mmol loading of lead precursor we managed to obtain more than 2 grams of purified PbS QDs per one synthesis. 
Conclusions
A two-stage, reproducible method for the synthesis of PbS QDs emitting in the short wavelength IR region has been developed. Our synthetic procedure involves the stages of rapid formation of PbS nuclei and their slow growth to the desired size. Based on the theory of nanoparticle growth we propose the optimal experimental conditions for both stages. The proposed method is highly reproducible and allows obtaining gramscale monodisperse batches of PbS QDs per one synthesis.
